Mixtures of 6LiBH 4 -RECl 3 -3LiH (RE=La, Er) have been produced by mechanochemical milling and their structure, thermal decomposition and reversibility have been studied. 
o C yields LaB 6 , ErB 4 and REH 2+δ as major decomposition products. LiBH 4 is destabilized by REH 2+δ formed through decomposition of the parent borohydrides LiLa(BH 4 ) 3 Cl and Er(BH 4 ) 3 , respectively, and its hydrogen release temperature is reduced by LiBH 4 at drastically reduced conditions compared to pure LiBH 4 (>400 o C, >10 MPa).
Introduction
Rare earth (RE) borohydrides have received considerable attention during the past 5 years due to their rich crystal chemistry [1] [2] [3] [4] [5] [6] [7] and potential as both solid state hydrogen storage materials [8] [9] [10] [11] [12] [13] [14] [15] and solid state electrolytes [16] [17] [18] . Special interest has been directed lately towards the development of easy and facile synthesis routes for solvent-free borohydrides [19] [20] [21] . Mechanochemical synthesis that utilizes a metathesis reaction between a RE-chloride and an alkali metal borohydride (mostly LiBH 4 ) is now the standard technique for the synthesis of RE-borohydrides. We have recently reviewed the crystal chemistry and thermal properties of ball-milled mixtures between RECl 3 and LiBH 4 [2] . We observe the formation of a series of RE-borohydrides with four distinct structure types which are determined by the ionic radius of the RE and its electronic configuration. [22] . Furthermore, Sm and Gd show transitions to the LiRE(BH 4 ) 3 Cl structure type that is observed for the largest lanthanide ions [17] .
The RE-borohydrides obtained by mechanochemical synthesis decompose between 200 and 300 o C [5, 6, 11, 12, 16, 17] , which is considerably lower than pure LiBH 4 [23] . With the exception of Yb-based compounds [3] , they release primarily hydrogen and form RE-hydrides and borides as the major decomposition products. systems (RE=Ce, Gd).
Experimental
Sample Preparation: LiBH 4 (Sigma-Aldrich, >95%), LaCl 3 and ErCl 3 (both Sigma-Aldrich, > 99.99%) in a 6:1 ratio were first milled in a Fritsch Pulverisette 6 at 400 rpm with a milling time of 5 hours. In the second step, LiH (Sigma-Aldrich >95%) was added (molar ratio LiH:RE = 3) and milled for an additional hour.
Stainless steel vial and balls were used and a ball-to-powder ratio of 40:1 was applied. All sample handling was performed under strictly inert conditions and samples were stored in an MBraun glove box fitted with recirculation system and oxygen/humidity sensors. Oxygen and water levels were kept below 1 ppm during all operations.
PXD: Patterns were collected in transmission mode using Cu-K α radiation (1.5418 Å) in a Bruker AXS D8 with LiH, the endothermic events in region (2) have disappeared. They are caused by the partial decomposition of LiLa(BH 4 ) 3 Cl and the presence of a LiLa(BH 4 ) 3 Cl-LiBH 4 composite [2] . Indeed, LiLa(BH 4 ) 3 Cl was found to be absent in the PXD pattern for 6LiBH 4 -LaCl 3 -3LiH after ball-milling (see Fig.   1 ). Finally, between 300 and 350 o C a broad and intensive endothermic signal with a peak maximum at composite after ball-milling a total mass loss of about 5.2 wt% H is detected between RT and 400 o C.
After the addition of LiH and a second milling procedure, the 6LiBH 4 -ErCl 3 -3LiH composite shows two major endothermic events (Fig. 4b) at about 105 and 285 o C, which are attributed to the presence of and traces of REH 2+δ are formed [2] . The formation of REH 2+δ species through decomposition of the parent borohydride phase destabilizes the excess LiBH 4 and leads to a gas release at significantly lower temperatures (~200 o C) compared to pure ball-milled LiBH 4 (~400 o C) [13] . A similar destabilization effect has also been observed in other composites containing LiBH 4 and metal hydrides, e.g. 6LiBH 4 -CaH 2 [27, 28] , 6LiBH 4 -CeH 2 [24, 27, 28] and 4LiBH 4 -YH 3 [27] . Gennari et al. [13] recently investigated the thermal behavior and reversibility of 6LiBH 4 -RECl 3 composites (RE=Ce, Gd) with and without addition of LiH. The authors state that the presence of LiH in the second milling step leads to the formation of CeH 2+δ . In the current study for 6LiBH 4 -LaCl 3 -3LiH, peaks for nanoscale LaH 2+δ are visible after ball-milling from the PXD pattern in Fig 1. This finding combined with the TG/DSC result in Fig. 2 indicates the disappearance of LiLa(BH 4 ) 3 Cl after ball-milling with LiH, and strongly suggests that LaH 2+δ is formed via the interaction of LiH with the parent borohydride phase LiLa(BH 4 ) 3 Cl:
The thermal decomposition of 6LiBH 4 -LaCl 3 -3LiH yields 4.2 wt% H during the first cycle and 0.8 wt% H during the second cycle after rehydrogenation. The system shows only a very limited capacity for rehydrogenation (~19%) under these experimental conditions. In a previous report on 6LiBH 4 -LaCl 3 mixtures desorbed against vacuum we also observed only 18% recovery at 300 o C and 36% at 415 o C [2] .
Neither the addition of LiH nor the application of backpressure in the present study seems to have a beneficial effect on the reversibility in the lanthanum containing composites. This is a surprising result since backpressure is expected to promote the formation of LaB 6 over amorphous boron and the addition of LiH should enhance the reversibility of LaB 6 . It is at present not clear why the lanthanum containing composite shows such a poor reversibility whereas the 6LiBH 4 -CeCl 3 -3LiH system investigated by Gennari et al. (note both parent RE-borohydrides are isostructural) is able to recover between 45 and 80% of its initial hydrogen capacity [13] .
In this paper we have compared for the first time the thermal properties of erbium-based 6LiBH 4 
The experimental conditions will have a strong influence on the relative ratio between these two alternative pathways, and desorption under backpressure is expected to favor the formation of ErB 4 over elemental boron. A similar effect has been observed for the combination of LiBH 4 with reactive additives such as MgH 2 [29] [30] [31] , CaH 2 [28] and Al [32, 33] . Indeed analysis of the relative intensities for ErB 4 and LiCl in the PXD patterns show a slight intensity increase for ErB 4 after desorption against 0.5
MPa hydrogen as compared to vacuum. 6LiBH 4 -ErCl 3 -3LiH shows good reversibility (~66%) for samples desorbed under vacuum and even higher reversibility (~80%) after dehydrogenation under hydrogen backpressure. Hydrogen uptake of the mixture could be realized through the interaction between the decomposition product ErB 4 , LiH and hydrogen. This will result in the formation of ErH 2+δ and LiBH 4 . This assumption seems plausible and is furthermore supported by experimental observations, in particular the reappearance of LiBH 4 in the DSC-curve (Fig. 4b) and peaks belonging to ErH 3 (cubic, a=5.27 Å) in the PXD pattern (Fig. 3) for the rehydrogenated samples.
For 6LiBH 4 -GdCl 3 -3LiH composites, Gennari et al. [13] have reported a slightly higher gas release under vacuum than against backpressure (5.0 % vs. 4.9 %) during the first dehydrogenation cycle and a slightly larger difference during the second dehydrogenation cycle (2.0 % vs 1.7 %). This is in contrast to what we observe for 6LiBH 4 -ErCl 3 -3LiH, where the sample desorbed against backpressure shows a larger gas release (2.4% vs. 2.0%) after rehydrogenation. These findings could be caused by differences in experimental conditions such as temperature, pressure and time during the cycling experiments, sample morphology and/or final composition in the 6LiBH 4 -RECl 3 -3LiH composites after ball-milling.
Conclusion
The 
